For the purpose of numerical efficiency in room acoustic modeling, the physical theory of diffraction (PTD) is applied to approximate solutions of a finite-sized, rigid rectangular plate. The application of the PTD enables sound diffraction contributions from the two edge pairs of the rigid plate to be predicted separately while ignoring the edge waves around the corners in far-field. This paper discusses numerical implementations of the theoretical predictions to show the efficiency of the application of the PTD in finite-sized objects. The numerical results implemented will also be compared with preliminary experimental results carried out using an acoustical goniometer.
For the purpose of numerical efficiency in room acoustic modeling, the physical theory of diffraction (PTD) is applied to approximate solutions of a finite-sized, rigid rectangular plate. The application of the PTD enables sound diffraction contributions from the two edge pairs of the rigid plate to be predicted separately while ignoring the edge waves around the corners in far-field. This paper discusses numerical implementations of the theoretical predictions to show the efficiency of the application of the PTD in finite-sized objects. The numerical results implemented will also be compared with preliminary experimental results carried out using an acoustical goniometer. Room acoustic simulations, as well as auralization, require efficient calculations of edge diffraction. 1 This paper investigates edge diffractions from a rigid rectangular plate and compares the numerical calculations using the physical theory of diffraction with preliminary results from an acoustical goniometer. Wave scattering and edge diffraction have been actively investigated in a wide range of acoustics applications such as ultrasound, ocean sound wave propagations, noise control, and room acoustics. Some of them rely on time-domain approach 2 and integral equation solutions. 3 Recently, the physical theory of diffraction (PTD) has drawn attention to the acoustical applications. 4 A historical review, predominantly in electromagnetic diffractions, can be found in the Ufimtsev 5 review paper. The electromagnetic handling of the PTD is parallel to the acoustics one. 6, 7 Therefore, some recent applications of the PTD in acoustics 8, 9 have extended the PTD to acoustic fields, including some finitesized objects. This work intends to provide preliminary experimental data to demonstrate the successful application of the PTD on rectangular rigid plates.
Cox and Lam 10 have also investigated acoustic diffractions around rigid thin plates using the numerical simulations based on a boundary element method; no physical theory of diffractions was applied. Apaydin et al. 8 extends the advanced PTD to calculate edge diffractions of a rectangular rigid plate. For brevity, the current work heavily relies on this recent publication in electromagnetic applications to demonstrate the efficient simulations of the acoustic waves diffracted around a thin, rigid, finite-sized plate through the following brief description, followed by the comparison of preliminary results experimentally measured using an acoustic goniometer. The boundary-element method (BEM) is also involved to verify the PTD simulation. This paper is structured as follows: Sec. II briefly describes the PTD to approximate the edge diffractions in separate edge pairs. Section III discusses the preliminary experimental results of a rigid rectangular plate and compares them with the PTD and BEM simulation. Section IV further discusses critical issues pertaining to better meet the far-field conditions, and Sec. V concludes this paper.
II. PHYSICAL THEORY OF DIFFRACTION
This paper focuses on a high-frequency asymptotic solution of diffraction for a finite size, rectangular plate. According to the physical theory of diffraction, 6 the total acoustic field, u total , around the object is the sum of the physical acoustics (PA) solution, u PA , and the diffracted field, u diff ,
where u x represents different portion of the acoustic velocity potential. The Kirchhoff approximation yields the expression for the PA part of the solution in the following form:
with u 0 being the initial magnitude of the acoustic velocity potential, which is independent of the geometry, the incident angle, and the receiver distance. The propagation coefficient, k, is defined by x/c, with x and c being the angular frequency and the sound speed, respectively. The following discussion assumes time-dependence exp(-ixt) with i ¼ ffiffiffiffiffiffi ffi À1 p . The diffracted part of the solution in turn consists of several parts
where u 1,3 and u 2,4 are diffracted waves occurring around the leading edge, "1," the trailing edge, "3," and side edges, "2" and "4," respectively, as shown in Fig. 1(a) . There are also u corners terms, which are diffracted waves at the corners; however, these are ignored. This work assumes ka ) 1, and kb ) 1. Corner contributions are on order of 1/(kr) in the far field r ) ka 2 and r ) kb 2 with r being the receiver distance, therefore the contributions are smaller than 1/(ka) 2 . 6, 8 The solutions for u 1,3 and u 2,4 will be considered separately in the following sections (Secs. II A and II B).
A. Diffraction at the leading and the trailing edges
For simplicity, this section discusses the case when the receiver and the sound source are in the same x y-plane as shown in Fig. 1(b) . The problem stated here is based on Ufimtsev;
6,11 it uses three variables in spherical coordinates: r, u, particularly, h ¼ p/2. In this case, the diffracted field is induced by an incident plane wave
where < u 0 < p À and 0 < ( 1. The diffracted field around the leading and trailing edges, labeled by edge 1 and 3, respectively, in Fig. 1(a) , represents the main contributions in the diffracted part of the solution for the oblique incidence and scattering directions. The diffracted field is also termed fringe field. For the single-sided insonification by the incident wave, the acoustic fringe field u 1,3 around the leading and trailing edges has the following form:
which is analogous to the magnetic polarization component in Eq. (36) from the paper by Apaydin et al., 8 originating from Ufimtsev. 6, 11 In Eq. (5), / ¼ kb ðcos u þ cos u 0 Þ=2 and represents the effective wave number depending on the incident and reflected angles. The function G(u, u 0 , h ¼ p/2) is identical for the leading edge Gðu; u 0 ; p=2Þ ¼ B 3 ðu; u 0 ; bÞsin u;
and for the trailing edge Gðu t ; u 0t ; p=2Þ ¼ B 3 ðu t ; u 0t ; bÞsin u t :
The only difference lies in the angle variables associated with the trailing edge (edge 3):
Furthermore, two key coefficients B 2 and B 3 are represented 6 as
with l being length variable and
and
where
B. Diffraction at the side edges
The two side edges located at z ¼ 6a/2 also make contributions to the scattered field of the rectangular plate. In order to determine the diffracted field around the side edges, the field created by the elementary strips illustrated in Fig. 2 needs to be calculated, 6 
Àb=2
CðfÞ df;
Àikf cos uþcos u 0 ð Þ ;
with l(n) ¼ l(f þ b/2) being the length of the elementary strips illustrated in Fig. 2 (a) and 2(b) for different intervals of the incidence angle / 0 . Quantities B 2,3 are determined in Eqs. (8)- (11) . The integral in Eq. (12) with the integrand in Eq. (13) can be calculated in closed form solely using exponential and Fresnel functions. 8 This work directly solves the Fresnel integral numerically.
In Figs. 2(a) and 2(b), the integration using the elementary strip is considered for two separate cases: first, when the   FIG. 1. Geometry of the problem. (a) Rectangular plate of width a by length b in three-dimensional Cartesian coordinate. Leading edge and trailing edges are labeled as "1" and "3" and two sides of the plate as "2" and "4," respectively. (b) Finite plate in two-dimensional coordinate with a source and a receiver find themselves in the same plane in far field. incident angle u 0 is smaller than or equal to the maximum angle u 0ðmaxÞ ¼ arctan ða=bÞ; and second, when the incident angle u 0 is larger than or equal to the maximum angle u 0(max) with the longest strip lðu 0ðmaxÞ Þ ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffi ffi a 2 þ b 2 p . In the case when the elementary strip is considered to be in the direction u u 0ðmaxÞ as shown in Fig. 2(a) , lðnÞ ¼ n=cos / 0 , for the trips with n n (max) where n ðmaxÞ ¼ a cot u 0 . On the other hand, when u ! u 0(max) , as demonstrated in Fig. 2(b) , lðwÞ
q . The sketches in Fig. 2 are valid when 0 u 0 p/2. These side contributions are small when compared to the those from the leading and trailing edges in Eq. (5), and thus may be neglected.
C. Scattering directivity pattern
Equation (1) yields the total field around the finite plate. The scattering directivity pattern, r, can be expressed as
which is normalized by a factor derived from the backscattering of the PA field (u
where Eqs. (2), (3), (5), and (12) lead to u total . The calculation of u total in Eq. (14) as described in this section is both analytical and numerical, since Fresneltype integration and integration along the side edges are the only parts requiring numerical solution. Therefore, the simulation results can be calculated efficiently as discussed in Sec. IV.
III. PRELIMINARY EXPERIMENTAL RESULTS
This section employs a set of experimental data for a preliminary discussion. In the experiment, an acoustic goniometer in the form of a semicircular microphone array, similar to the one documented by Robinson and Xiang, 12 is used. The angular resolution of the deployed goniometer is 1.25 degrees over the angular range between 0 and 180 degrees with a goniometer radius of 2.5 m. The rectangular plate is measured to be 3.05 cm tall by 4.95 cm wide. The goniometer is portable so as to be deployed in a large indoor space with a rigid, flat floor and sufficient room dimensions. The sound source, the microphone array, and the rectangular plate are all placed on the flat rigid floor surface. In this arrangement, the rigid floor effectively makes the finite plate mirror-imaged to be a ¼ 6.1 cm and b ¼ 4.95 cm, and the sound source is placed 5.1 m away from and normal to the plate face, u 0 ¼ u ¼ p/2 according to the geometry described in Sec. II A and in Fig. 1(b) . Room impulse responses are measured at 144 scattered directions, 2.5 m from the plate. Only the direct sound and the scattered reflection impulses are windowed out for analysis as if the measurements were undertaken in a semi-anechoic environment.
Based on Eqs. (14) and (15), the PTD simulations provide the high-frequency asymptotic solution of the normalized scattering pattern as a function of the receiver angle with respect to the rectangular plate. Figure 3 compares the normalized scattering pattern with the experimental results at 2 kHz. The PTD simulation is also verified by the simulation using the BEM. The BEM simulations for this condition require a significant amount of memory and computational power, several orders of magnitude higher than that of the PTD with insignificant memory requirement. The experimental results and the PTD simulation agree well within the receiver angle range from u ¼ 5 to u ¼ 175 degrees. The deviations outside this angular range could be explained by limited signal-to-noise ratio in the measurements. Note that the PTD results agree better with the experimental data at dips around 46 and 132 degrees, while the BEM results agree better with the experiment around 70 and 110 degrees. Further investigations are expected in the near future. In addition, the experimental setup has not exactly met the theoretical far-field requirements for the PTD approximation which may also explain the deviation in Fig. 3 . Table I demonstrates the experimental limitations for the rectangular rigid plate with dimensions of a by b in more details, particularly in row 2 from the "current" setup. According to the listed data, the conditions as discussed initially in Sec. II are not met. Despite this, the experimental result of the scattered field from a rigid rectangular plate largely agrees with the PTD approximation. The conditions mentioned in Sec. II seem to be responsible for small deviations as shown in Fig. 3 .
IV. DISCUSSION
This comparison indicates that the PTD can be potentially applied in room acoustics for the objects of finite size. Apart from two dip regions, the experimental results promise good agreement with the PTD approximation within the receiver angle ranging from u ¼ 5 to u ¼ 175 degrees. The deviation of the experiment from the PTD approximation may be explained by insufficient far-field conditions of the experimental setup. If only the physical acoustics (PA) part is simulated, the deviation is significant, as shown in Fig. 3 , indicating the necessity of employing the PTD simulation. Moreover, the fringe field calculated by the PTD is dominantly determined by u 1,3 with high computational efficiency. The computational load for u 2,4 is about 8-9 times of that of u 1, 3 , but the diffraction contribution from u 2,4 is negligible, so that the total field can efficiently be approximated by u pa þ u 1,3 with a computational load of a few seconds for all 144 receiver angles.
In order to overcome the issue related to the far-field condition, a plate of smaller size can be used. Also, in order to meet the conditions mentioned in Sec. II, the goniometer radius, namely, the receiver distance, should be extended to 5 meters or larger as one example listed in Table I . For a frequency up to 2 kHz, if an acoustic goniometer with a radius of 5 m will be available, with a sound source placed !10 m away, the receiver can better meet the theoretical far-field conditions, especially when a smaller plate size, say, 0.2 m by 0.15 m, is used. However, it is a challenging task to set up acoustic experiments, which is a research topic of future endeavor.
V. CONCLUDING REMARKS
The PTD represents an efficient approach for simulating edge diffractions from objects of finite size. This work demonstrates how the PTD can be applied to a rectangular rigid plate. Experimental measurements around such a rigid plate using an acoustic goniometer yield promising results, even though the receiver cannot fully meet the far-filed conditions. Future effort along this line of research will be conducted to better meet the far-field conditions as to potentially validate the PTD for efficient simulations in room acoustics applications. 
